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L8 ANSWER 1 OF 10 MEDLINE DUPLICATE 1 

AU Johnson J L; Jackson C L 

TI Atherosclerotic plaque rupture in the apolipoprotein E knockout 
mouse . 

SO ATHEROSCLEROSIS, (2001 Feb 1) 154 (2) 399-406. 

Journal code: 95X; 0242543. ISSN: 0021-9150. 
AB The rupture of an atherosclerotic plaque is the main underlying cause of 

coronary artery thrombotic occlusion and subsequent myocardial 
infarction, 

but research into the causes and treatment of plaque rupture is hampered 
by the lack of a suitable animal model. Although complex atherosclerotic 
plaques can be induced in a number of experimental animal systems, in 

none 

of these is plaque rupture an established feature. We have surveyed 
branch 

points in the carotid arteries and aortas of apolipoprotein E 

knockout mice fed a diet supplemented with 21% lard and 

0.15% cholesterol for up to 14 months. Six male and five female 

mice were used. Four of the male mice and four of the 

female mice died, after 46+/-3 weeks of feeding (range 37-59 

weeks) . Lumenal thrombus associated with atherosclerotic plaque rupture 

was observed in three male and all four female mice. In six of 

these seven mice, an atherosclerotic plaque rupture was found 

where the brachiocephalic artery branches into the right common carotid 

and right subclavian arteries. The ruptures were characterised by 

fragmentation and loss of elastin in the fibrous caps of 

relatively small and lipid-rich plaques overlying large complex lesions, 

with intraplaque haemorrhage. Immunocytochemical analysis revealed loss 

of 

smooth muscle cells from ruptured caps. These data suggest that long-term 
fat-feeding of apolipoprotein E knockout mice is a 

useful and reproducible model of atherosclerotic plaque rupture, and that 
these ruptures occur predominantly in the brachiocephalic artery. 

L8 ANSWER 2 OF 10 MEDLINE 

AU Cawston T; Carrere S; Catterall J; Duggleby R; Elliott S; Shingleton B; 
Rowan A 

TI Matrix metalloproteinases and TIMPs: properties and implications for the 

treatment of chronic obstructive pulmonary disease. 
SO NOVARTIS FOUNDATION SYMPOSIUM, (2001) 234 205-18; discussion 218-28. 
Ref : 



58 

Journal code: C3Y; 9807767. 
AB The matrix metalloproteinases (MMPs) are a unique family of 
metal loenzymes 

that, once activated, can destroy connective tissue. The active enzymes 
are all inhibited by tissue inhibitors of metalloproteinases (TIMPs) . The 
relative amounts of active MMPs and TIMPs are important in determining . 
whether tissues are broken down in disease. Although elastase is often 
regarded as the target enzyme in chronic obstructive pulmonary disease 
(COPD) , both the neutrophils and macrophages in the lung contain 
metalloproteinases and both collagen and elastin are degraded in 
disease. Transgenic studies have shown that when MMP1 is over-expressed, 
pulmonary emphysema develops in mice, while MMP12 
knockout mice do not develop pulmonary emphysema when 

exposed to cigarette smoke. New drugs that can specifically block active 
MMPs are now available. These potent inhibitors are effective in vitro 

and 

prevent the destruction of tissue in animal models. Future patient trials 
will test the effectiveness of these compounds in preventing tissue 
destruction . 

L8 ANSWER 3 OF 10 MEDLINE DUPLICATE 2 

AU Shipley J M; Mecham R P; Maus E; Bonadio J; Rosenbloom J; McCarthy R T; 

Baumann M L; Frankfater C; Segade F; Shapiro S D 
TI Developmental expression of latent transforming growth factor beta 
binding 

protein 2 and its requirement early in mouse development. 

SO MOLECULAR AND CELLULAR BIOLOGY, (2000 Jul) 20 (13) 4879-8.7. 
Journal code: NGY; 8109087. ISSN: 0270-7306. 

AB Latent transforming growth factor beta (TGF-beta) binding protein 2 
(LTBP-2) is an integral component of elastin-containing 
microfibrils. We studied the expression of LTBP-2 in the developing 
mouse and rat by in situ hybridization, using tropoelastin 
expression as a marker of tissues participating in elastic- fiber 
formation. LTBP-2 colocalized with tropoelastin within the perichondrium, 
lung, dermis, large arterial vessels, epicardium, pericardium, and heart 
valves at various stages of rodent embryonic development. Both LTBP-2 and 
tropoelastin expression were seen throughout the lung parenchyma and 
within the cortex of the spleen in the young adult mouse. In the 
testes, LTBP-2 expression was seen within lumenal cells of the epididymis 
in the absence of tropoelastin. Collectively, these results imply that 
LTBP-2 plays a structural role within elastic fibers in most cases. To 
investigate its importance in development, mice with a targeted 
disruption of the Ltbp2 gene were generated. Ltbp2(-/-) mice die 
between embryonic day 3.5 (E3.5) and E6.5. LTBP-2 expression was not 
detected by in situ hybridization in E6.5 embryos but was detected in 

E3.5 

blastocysts by reverse transcription-PCR. These results are not 
consistent 

with the phenotypes of TGF-beta knockout mice or 

mice with knockouts of other elastic fiber proteins, 

implying that LTBP-2 performs a yet undiscovered function in early 

development, perhaps in implantation. 

L8 ANSWER 4 OF 10 MEDLINE DUPLICATE 3 

AU Starcher B 

TI Role for tumour necrosis factor-alpha receptors in ultraviolet-induced 
skin tumours. 

SO BRITISH JOURNAL OF DERMATOLOGY, (2000 Jun) 142 (6) 1140-7. 




Journal code: AWO; 0004041. ISSN: 0007-0963. 
AB The biological effects of tumour necrosis factor (TNF) -alpha are mediated 
through either the TNFR1 or the TNFR2 receptor. In the present study, the 
effects of ultraviolet (UV) irradiation on skin pathology and tumour 
promotion were studied in hairless mice deficient in either the 
TNFR1 or the TNFR2 receptor. SKH-1 hairless mice were crossed 
with either TNFR1 knockout <KO) mice or TNFR2 KO 
mice to develop a strain of hairless mice deficient in 

either of these receptors. Elastosis and other pathological indications 

of 

UVB irradiation were not affected by the loss of either receptor. The 

absence of either receptor, however, resulted in a highly significant 

reduction in skin tumours in response to UVB irradiation. Inflammatory 

cell influx following chronic UV irradiation was virtually eliminated in 

the TNFR1 KO mice, while the TNFR2 KO mice responded 

to UV irradiation with the normal increase in inflammatory cells 

throughout the lower and upper dermis. Contact hypersensitivity responses 

were eliminated in the TNFR2 KO mice, whereas the TNFR1 KO 

mice retained normal contact hypersensitivity reactions. These 

studies suggest that TNF-alpha plays no part in the accumulation of 

excessive elastin in the skin during chronic UVB exposure. 

However, there appears to be an important role for TNF-alpha in mediating 

tumorigenesis, distinct from its role in initiating cutaneous immune 

responses. 

t /L8 ANSWER 5 OF 10 MEDLINE DUPLICATE 4 

^ AU Faury G; Maher G M; Li D Y; Keating M T; Mecham R P; Boyle W A 

TI Relation between outer and luminal diameter in cannulated arteries. 
SO AMERICAN JOURNAL OF PHYSIOLOGY, (1999 Nov) 277 (5 Pt 2) H1745-53. 

Journal code: 3U8; 0370511. ISSN: 0002-9513. 
AB Resistance in blood vessels is directly related to the inner (luminal) 
diameter (ID) . However, ID can be difficult to measure during 
physiological experiments because of poor transillumination of 
thick-walled. or tightly constricted vessels. We investigated whether the 
wall cross-sectional area (WCSA) in cannulated arteries is nearly 
constant, allowing IDs to be calculated from outer diameters (OD) using a 
single determination of WCSA. With the use of image analysis, OD and ID 
were directly measured using either transillumination or a fluorescent 
marker in the lumen. IDs from a variety of vessel types were calculated 
from WCSA at several reference pressures. Calculated IDs at all of the 
reference WCSA were within 5% (mean <1%) of the corresponding measured 

IDs 

in all vessel types studied, including vessels from heterozygote 
elastin knockout animals. This was true over a wide 

range of transmural pressures, during treatment with agonists, and before 
and after treatment with KCN. In conclusion, WCSA remains virtually 
constant in cannulated vessels, allowing accurate determination of ID 

from 

OD measurement under a variety of experimental conditions. 

L8 ANSWER 6 OF 10 MEDLINE 
AU Warburton D; Lee M K 

TI Current concepts on lung development. 

SO CURRENT OPINION IN PEDIATRICS, (1999 Jun) 11 (3) 188-92. Ref: 23 
Journal code: BUT; 9000850. ISSN: 1040-8703. 

AB Recent molecular genetic and embryonic organ culture studies have 

implicated several novel regulatory processes in the coordination of lung 
development. Failure of pulmonary initiation results from interruptions 

of 




the sonic hedgehog/patched/Gli and Nl alpha 2.1 signaling pathways. Sonic 
hedgehog null mutants and Gli2/Gli3 compound null mutants each exhibited 
failed tracheoesophageal septation. However, proximodistal epithelial 
differentiation is disrupted by compound Gli mutation, but is preserved 

in 

sonic hedgehog mutants. Null mutation of Nl alpha 2.1 

also abrogates tracheoesophageal septation in association with thyroid 

and 

pituitary agenesis. Primary tracheal branching is regulated by fibroblast 
growth factor-10 signaling; in the murine fibroblast growth factor-10 

null 

phenotype, the lung fails to separate from the foregut and morphogenesis 
is arrested distal to the trachea. Several genes in the fibroblast growth 
factor-10 pathway have homologous roles in fruit fly tracheal 
organogenesis, and corresponding Drosophila mutations yield strikingly 
similar phenotypes. Recent data also indicate that airway branching can 

be 

regulated by vascular endothelial growth factor, suggesting mutual 
regulation of airway and vascular development. The bases of pulmonary 
left-right asymmetry and laterality have also been investigated. The 
transforming growth factor-beta superfamily members Lefty-1, Lefty-2, and 
nodal comprise a regulatory pathway whose function is required for the 
development of left-right asymmetry, whereas left-right laterality is 
dependent on regulation of dynein expression by the transcription factor 
hepatocyte nuclear f actor-4 . Terminal lung differentiation is modulated 

by 

yet another set of signals. HoxaS null mutants exhibit tracheal occlusion 
and surfactant protein deficiency, whereas fibroblast growth factor 
receptor-2 and -4 compound null phenotypes include abrogated neonatal 
alveolization, perturbed alveolar myofibroblast differentiation, and 
persistent neonatal elastin deposition. These new contributions 
represent, substantial advances toward a comprehensive molecular model of 
pulmonary development. 

L8 ANSWER 7 OF 10 MEDLINE DUPLICATE 5 

AU Koglin J; Glysing- Jensen T; Raisanen-Sokolowski A; Russell M E 
TI Immune sources of transforming growth factor-betal reduce transplant 

arteriosclerosis: insight derived from a knockout mouse model. 
SO CIRCULATION RESEARCH, (1998 Sep 21) 83 (6) 652-60. 

Journal code: DA J; 0047103. ISSN: 0009-7330. 
AB Activated CD4-positive T cells are essential in the early stages of 

arteriosclerotic lesion development after cardiac transplantation. 
Besides 

its parenchymal effects, transforming growth factor-betal (TGF-betal) 
mediates immunosuppressive effects on proliferation and activation of CD4 
cells. This study was designed to assess immune contributions of 
TGF-betal 

to arteriosclerosis by comparing the effect of TGF-betal-def icient and 
-competent infiltrating inflammatory cells on the development of intimal 
thickening in a heterotopic mouse transplant model (CBA to 
C57B6) . Transplant arteriosclerosis was evaluated in cardiac grafts 
placed 

into knockout recipients heterozygous for TGF-betal (n=7) and 
was compared with those placed into wild-type recipients (n=ll) . At 55 
days, allografts in TGF-betal-def icient recipients had increased 
concentric intimal thickening. Computer-assisted analysis of all 
elastin-positive vessels (n=173) showed significantly increased 
luminal occlusion ( 67 . 8+/-5 . 6% ) in grafts from TGF-betal-def icient 
recipients compared with wild-type recipients (47 . 4+/-4 . 1%, P=0.003). To 



determine whether TGF-betal deficiency altered CD4 activation patterns, 

we 

studied intragraft cytokine expression. Using 32P-reverse-transcriptase 
polymerase chain reaction assays, we show that TGF-betal-def icient 
recipients had an increased expression of the transcription factor STAT 

4, 

interferon gamma, and interleukin-2 (Thl-type response) and unaltered or 
reduced expression of the transcription factor STAT 6, interleukin-4 , and 
interleukin-10 (Th2-type response) . Hence, when present, immune sources 

of 

TGF-betal attenuate transplant arteriosclerosis. This effect is 
associated 

with attenuation of Thl forces. 

L8 ANSWER 8 OF 10 MEDLINE DUPLICATE 6 

AU Mottram P L; Raisanen-Sokolowski A; Glysing- Jensen T; Stein-Oakley A N; 
Russell M E 

TI Cardiac allografts from IL-4 knockout recipients: assessment of 
transplant 

arteriosclerosis and peripheral tolerance. 

SO JOURNAL OF IMMUNOLOGY, (1998 Jul 15) 161 (2) 602-9. 
Journal code: IFB; 2985117R. ISSN: 0022-1767. 

AB To study the role of IL-4 in tolerance induction and transplant 

arteriosclerosis, BALB/c hearts were transplanted into C57BL/6J wild-type 
or IL-4 knockout (IL-4 {-/-)) recipients. A 30-day course of 
anti-CD4/8 mAb was used to induce long term graft survival. Primary graft 
survival was 50% (5 of 10) in IL-4 (-/-) recipients comparable to 63% (5 

of 

8) in wild-type recipients. Mice with allografts surviving >80 
days were tested for tolerance by challenge with a second donor or third 
party (CBA) heart. Secondary donor-strain heart grafts survived >30 days, 
but showed histologic evidence of ongoing alloimmune response. Third 

party 

hearts rejected rapidly. Although immunostaining and 32P RT-PCR assays 
showed no differences in the mononuclear cell infiltration and T cell 
activation between IL-4(-/-) and wild-type tolerant recipients, some 
monokines (IL-12, TNF-alpha, and allograft inflammatory factor-1) were 
up-regulated in grafts from IL-4 (-/-) recipients. Computer-assisted 
analysis of elastin-stained vessels revealed that the severity 
of vascular thickening (percentage of luminal occlusion, mean +/- SD, n = 
329) was similar in grafts from IL-4(-/-) (63.7 +/- 16.9%) and wild-type 
(69.5 +/- 17.6%) recipients. Thus, IL-4 deficiency did not alter primary 
or secondary graft survival, infiltration, or vascular thickening. The 
selective alterations in monokine expression suggests that alternative 
pathways are activated and may compensate in IL-4(-/-) mice. 



AU Morris C A 

TI Genetic aspects of supravalvular aortic stenosis. 

SO CURRENT OPINION IN CARDIOLOGY, (1998 May) 13 (3) 214-9. Ref: 56 

Journal code: BDA; 8608087. ISSN: 0268-4705. 
AB Supravalvular aortic stenosis (SVAS) occurs as an autosomal dominant 
trait 

or as part of the phenotype of the usually sporadic condition Williams 

syndrome. SVAS is the result of mutation or deletion of the 

elastin gene (ELN) , located at chromosome 7qll.23. Thus, SVAS may 

be more appropriately termed an elastin arteriopathy . Studies 

have demonstrated various point mutations and intragenic deletions of ELN 

resulting in nonsyndromic SVAS. Individuals with Williams syndrome are 




L8 



ANSWER 9 OF 10 MEDLINE 



DUPLICATE 7 



hemizygous for the elastin gene, owing to a 1. to 2 megabase 
deletion of a portion of the long arm of chromosome 7 that encompasses 
ELN. This submicroscopic deletion is readily detected by fluorescent 
in-situ hybridization, useful in the diagnosis of Williams syndrome. The 
severity of SVAS is quite variable, both in series of Williams syndrome 
patients and within SVAS kindreds, suggesting that other genetic factors 
are involved in expression of the phenotype. Experiments with 
elastin knockout mice will likely yield clues 

regarding the role of elastin in arterial morphogenesis and the 
pathogenesis of obstructive vascular disease. 

L8 ANSWER 10 OF 10 MEDLINE DUPLICATE 8 

AU Burn J; Goodship J 

TI Developmental genetics of the heart. 

SO CURRENT OPINION IN GENETICS AND DEVELOPMENT, (1996 Jun) 6 (3) 322-5. 
Ref : 

34 

Journal code: BJC; 9111375. ISSN: 0959-437X. 
AB Studies of children with heart defects and chromosomal anomalies have led 
to the discovery that loss of an elastin gene can cause 

supravalvar aortic stenosis and that a 2 Mb deletion from 22qll is second 
only to Down's syndrome as a cause of heart defects. Molecular dissection 
of the 22qll region to find the genes which produce the outflow-tract 
defects and other disorders of neural crest migration has proven more 
difficult, as there are a large number of genes in the deleted region. 
Classic mapping studies have located a gene which can cause total 
anomalous venous drainage near the centromere of chromosome 4 . 
Knockout mouse studies have demonstrated an important 
role in cardiac development for, amongst others, endothelin-1 and 
neuregulin. Functional redundancy and maternal rescue are two reasons why 
knockouts do not always live up to our expectations. Serendipitous 
findings in the mouse are equally important. Work continues to 
isolate the inversion of embryo turning (inv) gene which invariably 
disturb the left — >right gradient in homozygotes, causing heart defects 

in 

many instances. Sadly, the original insertional mutation has resulted in 

a 

complex deletion duplication which has slowed discovery of the coding 
sequence . 
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Studies of children with heart defects and chromosomal 
anomalies have led to the discovery that loss of an elastin 
gene can cause supravalvar aortic stenosis and that a 2 Mb 
deletion from 22q1 1 is second only to Down's syndrome as a 
cause of heart defects. Molecular dissection of the 22q11 
region to find the genes which produce the outflow-tract 
defects and other disorders of neural crest migration 
has proven more difficult, as there are a large number of 
genes in the deleted region. Classic mapping studies have 
located a gene which can cause total anomalous venous 
drainage near the centromere of chromosome 4. Knockout 
mouse studies have demonstrated an important role in 
cardiac development for, amongst others, endothelin-1 and 
neuregulin. Functional redundancy and maternal rescue are 
two reasons why knockouts do not always live up to our 
expectations. Serendipitous findings in the mouse are equally 
important. Work continues to isolate the inversion of embryo- 
turning (inv) gene which invariably disturbs the left— night 
gradient in homozygotes, causing heart defects in many 
instances. Sadly, the original insertional mutation has resulted 
in a complex deletion duplication which has slowed discovery 
of the coding sequence. 
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Abbreviations 

CATCH 22 cardiac defects, abnormal facies, thymic hypoplasia, 
cleft palate and hypocalcaemia resulting from 22q1 1 
deletions 

DGCR DiGeorge syndrome critical region 
inv inversion of embryo turning 



Introduction 

Where to begin? This question has deterred many from 
even thinking of studying the genetic basis of human 
heart development and maldevelopment. The existence 
of major developmental genes liable to display Mcndelian 
properties when defective was considered improbable 
until recently. As the importance of single gene defects 
became more obvious, the complexity of converting a tube 
of mesodermal cells into a complex four-chamber pump, 
while it is in constant use, provided a further deterrent to 
all but the farsighted or foolhardy. Now, at last, the power 
of both molecular genetics and experimental embryology 
have reached a point at which the genetic understanding 
of cardiac development is within reach. 



Cytogenetic clues 

From our clinical perspective, malformation is a driving 
force, both as a reason for study and as a source 
of experimental approach. The study of chromosome 
aneuploidy provided the first genetic advance in the 
demonstration that trisomy 21 causes 5% of heart defects 
in general and most cases of isolated atrioventricular septal 
defects. The major advance in recent months has resulted 
from a balanced 6;7 chromosome translocation associated 
with the supravalvar aortic stenosis, the characteristic 
heart defect of Williams syndrome [1|. Demonstration 
of deletion of the elastin gene in syndromic cases and 
disruption of the gene in children with the isolated 
abnormality of the aorta [2] has provided a major insight 
into both the clinical disorder and the cellular mechanisms 
involved in aortic development. Olson et al. |3) have 
recently found that a 30 kb deletion within the elastin 
gene is associated with a severe form of supravalvar aortic 
stenosis and peripheral pulmonary artery stenoses. This 
demonstrates that loss of one allele of the elastin gene is 
sufficient to produce the cardiovascular phenotype. 

Another genetic cause of heart malformation of an even 
greater significance, where the molecular genetics has not 
proved to be as simple as the elastin gene deletion, is 
the 22qll deletion. The recognition that submicroscopic 
deletions of chromosome 22ql I arc responsible for the vast 
majority of cases of DiGeorge syndrome and a spectrum 
of overlapping phenotypes that can be summarised 
by the acronym CATCH22 (cardiac defects, abnormal 
facies, thymic hypoplasia, cleft palate and hypocalcaemia 
resulting from 22qll deletions) [4] had led us to assume 
that, in a short time, wc would have identified a gene with 
a key role in cardiac development. The heart defects most 
commonly seen in CATC! 122 arc interrupted aortic arch, 
truncus arteriosus, pulmonary atrcsia/ventricular septal 
defect and preliminary studies suggest that 30-50% of 
cases of interrupted aortic arch and truncus arteriosus are 
secondary to this chromosomal deletion. However, things 
have turned out to be far more complex than expected 
and — despite intensive work by a number of groups over 
the past 5 years — the gene or genes responsible for the 
cardiac phenotype have not been identified (or if they 
have been identified they have not been proven to be 
such). In the majority of children with deletions, 2Mb 
of DNA is removed; the map illustrated as Figure 1 
details the genes which have been cloned in this region 
|5-15|. The DiGeorge syndrome critical region (DGCR). 
delineated from smaller deletions and which includes 
the only balanced translocation breakpoint, known as 
ADU [16], reported in DiGeorge syndrome, lias also 



18069302 



Developmental genetics of the heart Bum and Goodship 323 



been defined and most groups have concentrated on the 
isolation and investigation of genes in this region. 

The transcription factor TUPLE 1 (also known as DGCR- 
1) remains a strong contender for a pivotal role in 
the failure of neural crest migration [5]. Although it is 
not disrupted by che translocation, TUPLE! is clearly 
expressed in the face, branchial arches and outflow tract 
of the heart. Philipe and co-workers [17 # ] have reported 
a child who has truncus arteriosus, a typical dysmorphic 
facial appearance and a deletion which is celomeric to the 
balanced translocation breakpoint but includes TUPLEL 
Scamblcr and co-workers [18*] have recently identified a 
transcribed, spliced, polyadenylated gene with no apparent 
protein product (nominated name DGCR-5) which has 
exons on either side of the balanced translocation 
breakpoint, raising the possibility that this gene may be 
a controlling element required for transcription of one or 
more downstream genes. At present, it is still not clear 
whether the CATCH 22 phenotype results from deletion 
of a single gene or a combination of genes. 

Positional cloning 

The traditional approach of linkage mapping has yielded 
relatively few cardiac development genes because of the 
difficulty of collecting families with a sufficient number of 
living affected members. A recent important exception has 
been the mapping of a gene for total anomalous venous 
drainage to the ccntromeric region of chromosome 4 [19]. 
By using samples from a large Idaho family, Bleyl et a/. 
1 19] achieved a maximum lod score of 6.51 at 9 0.00. 
Only seven affected individuals were available for study. 
With at least one obligate carrier showing no evidence of 
abnormality and the possibility that asypmtomatic relatives 
had only partial anomalous drainage, the analysis treated 
all but the seven affected and linking obligate carriers as 
being of unknown phenotype. The success of the mapping 

Figure 1 

This figure shows the position of the 
genes that have been cloned in the 
commonly deleted region relative to 
the balanced translocation breakpoint 
AOU. The shaded regions represent 
the DiGeorge critical region (DGCR), 
with its distal margin delineated by 
a cell line GM0980 from an affected 
individual with the unbalanced products 
of an 1 1 ;2 2 translocation leading to 
monosomy 22pter-q1 1, the commonly 
deleted region, and patient G, who 
has truncus arteriosus and dysmorphic 
facial appearance [1 T\. DGCFM 
[5,6], DGCR-2 19,10,13], DGCR-3 and 
DGCR-4 [13], DGCR-5 (nominated name 
not yet approved by the nomenclature 
committee) [18*], COMT1 [34], T10 [7], 
ZNZF4 (8], LZTR-1 [111. 



exercise with this restriction demonstrates the power of 
this approach given the density of markers now available. 

Transgenic knockout mice 

An alternative approach to reliance on spontaneous human 
models is the deliberate generation of transgenic mice with 
a loss of function mutation in a gene of potential impor- 
tance. This approach has produced valuable information in 
several experiments. Kurihara^tf/. (20) created a knockout 
for the endothelin-1 gene, the product of which was first 
identified as a vasoconstrictor and was postulated to have 
a role in cardiovascular homeostasis and a pathological 
role in hypertension. Heart development was impaired 
with outflow tract anomalies, including aortic arch defects 
and ventricular septal defects. The similarity to defects 
associated with neural crest ablation prompted speculation 
that endothelin-1 has a role in neural crest migration. 
Other important developmental genes studied in this way 
ha ve be e n neuregulin ^ erbB2 and erbE4 [ 2 1 -23 ]. N e u regu I i n 
is a member of the epidermal growth factor family and 
erbB2 and erbB4 are two of its receptors. Neuregulin 
knockouts die in utero and have a deficit of ventricular 
trabeculae and a deficiency of mesenchymal cells in 
the endocardial cushions. ErbB2 and erbB4 knockouts 
also lack trabeculae, but the effects on the endothelial 
cushions are not as pronounced. Neuregulin is expressed 
in the endothelium and its receptors are expressed in the 
myocardium, suggesting that neuregulin has a paracrine 
effect on myocardial development through its receptors. 

Expression studies have been interpreted to suggest that 
transforming growth factor pi is of critical importance 
in heart development, yet no heart malformation has 
been found in transforming growth factor pi knockout 
mice; death results instead from multifocal inflammatory 
disorders at the postnatal stage [24], Protein levels in 
the mice were found to be normal, prompting the 
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theory that maternal rescue accounts for survival; this was 
subsequently shown to be the case [25]. Suppression of the 
immune response in null females to procure 'unrescued' 
mice has revealed severe cardiac malformations. This 
work gives substance to a theory put forward several 
years ago that the familial pattern of neural tube defects 
could be interpreted as being dependent on the maternal 
and fetal genotype acting as a combined unit (in effect, 
four alleles instead of two). The observation that heart 
defects are more common in the offspring of affected 
mothers than of unaffected mothers has been interpreted 
as being a possible consequence of imprinting. Again, the 
possibility of failure of maternal rescue when the gene 
defect is inherited from the mother provides an interesting 
alternative perspective. 

The polygenic model for malformations remains of 
relevance as illustrated by the report of Threadgill et at. 
[26], who examined mice with a knockout of the epidermal 
growth factor receptor. On one genetic background the 
embryos died preimplantation, in another they died during 
embryogenesis, and in a third the mice lived for up 
to three weeks after birth. These mice did not have 
heart defects, but the message is clcaily of relevance 
to all knockout experiments. The gene for tenascin 
displays a highly restricted expression pattern in the 
heart, yet knockout mice — even those born to 'knockout 
mothers' — had no heart defect [27|. It seems likely that 
manipulation of candidate genes in mouse models will 
grow in strength as a research tool but it is unlikely to 
diminish the need for the other approaches. 



EViuriine/humani correlation 

An assumption that underlies studies of such mouse 
mutants is that we will be able to transfer knowledge to 
the study of humans with heart defects. One case where 
this approach may have led to confusion has been with 
the study of connexin 43. Following reports of obstruction 
to the right ventricular outflow tract in mice with a 
connexin 43 knockout [30°], Britz-Cunningham et ai [31°) 
found that of the six human hearts with viscematrial 
hcterotaxia in a series of 30 pathology specimens all had 
mutations near the carboxyl terminus of connexin 43, and 
that four had two mutations suggestive of a recessive 
defect. Attempts to replicate this work, however, have 
been unsuccessful; the analysis of 40 comparable cases 
in our centre and elsewhere has failed to demonstrate a 
single connexin 43 mutation (32,33]. Despite this particular 
example, there can be little doubt that the isolation of 
genes involved in the development of the heart in the 
mouse — as is being attempted by several groups — with 
subsequent human analysis, is a logical way forward. 

Conclusions 

The convergence of positional cloning studies in man — 
aided by the study of children with chromosomal dele- 
tions and the discoveries resulting from the intentional 
and serendipitous disruption of cardiac genes in the 
mouse — has led ro a rapid advance in our understanding 
of the genetic control of heart formation. Given the 
complexity of the process, however, it is likely that it will 
be several years before we understand fully what makes 
us' tick. 



Mouse serendipity 

Just as some knockout mice don't have heart defects 
when they were expected to, others studied for different 
reasons yield important information. From the cardiac 
perspective, the most important knockout experiment 
resulted from the attempts of Yokoyama et al. |28] to 
investigate molecular approaches to the tyrosinase gene, 
defects in which underlie oculocutaneous albinism; the 
insertional mutant inversion of embryo turning (inv) being 
the result. In contrast to the long established iv/iv mutant, 
in which the direction of laterality is random, the new 
model displayed partial or complete situs inversus in all 
homozygotes. In addition to renal 2nd liver pathology, inv 
homozygotes have complex heart defects similar to those 
seen in humans with isomerism sequence. Identification 
of the coding sequence has been slowed by the fact the 
the original insertional knockout has produced a complex 
duplication/deletion |29|. The heart is uniquely sensitive 
to any disturbance of laterality because its development 
as an asymmetric midline organ depends on a clear 
determination of the left-bright gradient. Understanding 
the genetic control of formation of the Icft^right gradient 
will be an important step towards understanding heart 
formation. 
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Faury, Gilles, Gail M. Maher. Dean Y. Li, Mark T. 
Keating, Robert P. Mecham, and Walter A. Boyle. Rela- 
tion between outer and luminal diameter in cannulated 
arteries. Am. J. Physiol 277 {HeartCirc. Physiol 46): H1745- 
H1753, 1999. — Resistance in blood vessels is directly related 
to the inner (luminal) diameter (ID). However, ID can be 
difficult to measure during physiological experiments be- 
cause of poor transillumination of thick-walled or tightly 
constricted vessels. We investigated whether the wall cross- 
sectional area (WCSA) in cannulated arteries is nearly con- 
stant, allowing IDs to be calculated from outer diameters 
(OD) using a single determination of WCSA. With the use of 
image analysis, OD and ID were directly measured using 
either transillumination or a fluorescent marker in the 
lumen. IDs from a variety of vessel types were calculated 
from WCSA at several reference pressures. Calculated IDs at 
all of the reference WCSA were within 5% (mean < 1%) of the 
corresponding measured IDs in all vessel types studied, 
including vessels from heterozygote elastin knockout ani- 
mals. This was true over a wide range of transmural pres- 
sures, during treatment with agonists, and before and after 
treatment with KCN. In conclusion, WCSA remains virtually 
constant in cannulated vessels, allowing accurate determina- 
tion of ID from OD measurement under a variety of experimen- 
tal conditions. 

lumen; cross-sectional area; resistance 



arterial lumen size is the fundamental parameter that 
determines vascular resistance and therefore blood 
pressure, organ blood flow, as well as cardiac work. The 
arterial wall presents both viscoelastic and mechanical 
properties, and the lumen size or inside diameter (ID) 
is the result of the integrated effects of transmural 
pressure, tethering of surrounding tissues, wall elastic- 
ity, and active responses of the vascular smooth muscle 
(20). 

A variety of approaches have been taken to quantify 
the effects of physiological and pharmacological pertur- 
bations on vessel diameter. In earlier studies, large 
vessels (up to several centimeters in diameter) were 
used to study the relationship between transmural 
pressure and diameter utilizing pulse-wave velocity- 
distensibility measurements (3, 14), volume measure- 
ments as a function of transmural pressure (8, 11, 24, 
28), or intraluminal saline-filled balloons with ultraso- 
nography (30). More recently, the reactivity of small 
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resistance arteries has been studied utilizing similar 
techniques (19) as well as tension-displacement mea- 
surements (22), radiological dimension measurements 
(10), dimension measurements utilizing photoelectric 
diode arrays (29) or ultrasonic echotracking devices (1, 
9, 12, 33), fluorescent techniques (32), and most com- 
monly, video-dimension analysis of trans illuminated 
vessels (26, 34). This latter method allows diameter to 
be measured directly in vessels of varying sizes (25, 27) 
and has been utilized for studies both in vivo and in 
vitro. 

Although vascular resistance is directly related to 
changes in ID, outside diameter (OD) measurements 
are often used because they are most easily ascertained 
at any intravascular pressure, and ID can be difficult to 
accurately measure in thick-walled or tightly con- 
stricted vessels. Biomechanical studies have shown 
that the blood vessel wall is minimally compressible (4, 
5). Thus it has been widely assumed that the vascular 
wall volume is constant (16, 21, 23, 31) or that by 
controlling or neglecting the longitudinal extension of 
the vessel with pressure (8), the vessel wall cross- 
sectional area (WCSA) could also be considered con- 
stant (7, 10, 36). These assumptions permit calculation 
of the ID from OD at any pressure, assuming that at 
least one accurate measurement of WCSA can be made. 
However, the general applicability of the assumption 
that WCSA remains constant and that ID can thereby 
be determined from OD using this approach has never 
been rigorously assessed under a range of experimental 
conditions. 

In the present study we have investigated whether 
WCSA remains constant, such that ID (and therefore 
vascular resistance) can be calculated directly from the 
OD measurement during passive and active changes in 
diameter. In cannulated mouse arteries, in which longi- 
tudinal extension was limited, we analyzed the relation- 
ship between measured ID and the ID calculated from 
OD, assuming a constant WCSA. The experiments 
were performed in both wild-type and elas tin-mutated 
mice (which results in a significant difference in the 
vessel wall structure) (17) of two different age groups 
(1 -3 days and 5-9 mo). Three different arteries (pulmo- 
nary, ascending aorta, and carotid artery) were used, 
and diameter changes were measured during both 
increasing and decreasing transmural pressure changes 
(from 0 to 175 mmHg) and during active contraction 
and relaxation (at a constant pressure) induced by the 
a-adrenergic agonist phenylephrine and the endothe- 
lium-dependent vasodilator acetylcholine. These experi- 
ments were performed before and after vascular smooth 
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muscle and endothelial cell responses were abolished 
by KCN treatment. Additionally, to determine the 
applicability of this technique to small resistance-sized 
arteries, measured and calculated ID values were 
compared in small (~120 urn ID) mesenteric arteries 
during active vasoconstriction with the a- adrenergic 
agonist norepinephrine. Finally, we analyzed vessel 
dimension measurements reported in the literature 
(25, 30) to assess the relationship between measured 
and calculated ID in prior studies. 

MATERIALS AND METHODS 

Animals. Nine 5- to 9-mo-old and two 1- to 3-day-old 
C57B1/6J mice, as well as two 5- to 9-mo-old C57B1/6J mice 
in which one allele of the elastin gene exhibits a deletion in 
exon 1 (ELN +/- animals) have been studied. This deletion 
was shown to lead to structural and functional differences in 
the wall of elastic arteries (17). Housing and surgical proce- 
dures were in accordance with institutional guidelines. 

Surgical procedure and mounting of vessel. The animals 
were anesthetized by intraperitoneal injection of pentobarbi- 
tal sodium (60 mg/kg). The vessel (ascending aorta, left 
carotid artery, superior mesenteric artery, or left pulmonary 
artery) was quickly excised and placed in a physiological 
buffer (pH 7.4) of the following composition (mM): 135 NaCl, 5 
KC1, 1.6 CaCl 2 , 1.17 MgS0 4 , 0.44 KH 2 P0 4 , 2.6 NaHC0 3 , 0.34 
Na 2 HP0 4 , 5.5 D-glucose, 0.025 EDTA, and 10 HEPES. The 
vessel was cleaned of adhering connective tissue and fat and 
then cannulated and mounted onto a pressure arteriograph 
(Living Systems Instrumentation, Burlington, VT), as previ- 
ously described (2, 26). The experiments were performed in 
an organ bath filled with physiological buffer at 37°C. The 
bath was placed on an inverted microscope, and a computer- 
ized image analysis system was used for measurement of ID 
and OD in the transilluminated vessels as previously de- 
scribed (2). A digital image was used for analysis with this 
system, and the inherent error in any measurement was 
therefore ± 1 pixel. This corresponded to an intrinsic error of 
± 1 -2% of the measured ID and OD values. 

Experimental protocol. In the ascending aortas and carotid 
arteries, following a 30-min equilibration period, intravascu- 
lar (transmural) pressure was increased from 0 to 175 mmHg 
by steps of 25 mmHg (at least 1 min per step) and then 
symmetrically decreased (following the same steps and tim- 
ing) back to 0 mmHg. ID and OD were recorded continuously. 
Integrity of smooth muscle function was assessed by bath 
application of the ct-adrenergic vasoconstrictor phenyleph- 
rine (PE, 10" 5 M) and endothelial cell integrity was tested by 
the addition of the endothelium-dependent vasodilator ACh 
(10~ 5 M). These latter studies were done at a constant 
pressure of 75 mmHg in systemic arteries or 20 mmHg in 
pulmonary arteries. The vessel was then treated with KCN 
(13 mM) in physiological buffer for 45-60 min (at 0 mmHg) to 
abolish smooth muscle and endothelial cell function as veri- 
fied by the subsequent lack of response to PE. The response to 
increases (0—175 mmHg) and decreases (175—0 mmHg) in 
pressure was then ret es ted after KCN treatment. The proce- 
dure was identical when using the pulmonary arteries except 
that the intravascular pressure range was 2-50 mmHg, by 
steps of 10 mmHg (except for the first step which was 2-10 
mmHg). A starting pressure of 2 mmHg was necessary in the 
thin pulmonary vessels to maintain the cylinder shape, since 
these vessels tend to collapse at 0 mmHg. For each vessel type 
studied, all experiments were performed in at least two 



separate vessels: 2 newborn left pulmonary arteries, 2 adult 
left pulmonary arteries, 4 adult left carotid arteries. 2 adult 
wild-type ascending aortas, and 2 elastin-mutated ascending 
aortas. In addition, to assess the accuracy of the ID calcula- 
tions in resistance arteries during active (i.e., agonist- 
induced) vasoconstriction, three small mesenteric artery seg- 
ments (from two separate animals) were studied at constant 
pressure (40 mmHg) before and after treatment with norepi- 
nephrine (NE, 10~ 5 M) and NE + ACh (10" 5 M). 

Measurements in ascending aorta. In larger arteries, the 
vessel wall is often too thick to allow the edge corresponding 
to the ID to be visualized accurately by transillumination. 
This is most often a problem at lower transmural pressures 
(0-100 mmHg) because passive thinning of the vessel wall 
with increases in diameter usually allows measurement of ID 
by transillumination at higher pressures (125-175 mmHg). 
The carotid artery was variable in this regard because direct 
measurement of ID by transillumination across the whole 
pressure range (0-175 mmHg) was possible in some carotid 
arteries but not in others. We describe measurements per- 
formed by transillumination of carotid arteries only in arter- 
ies where we could easily detect ID by image analysis at any 
pressure. The wall of the ascending aorta was always too 
thick to allow direct ID measurement by transillumination 
across the lower pressure range. To measure the ID of the 
ascending aorta over the entire range of pressures, we filled 
the vessel lumen with buffer containing 25 mg/ml dextran- 
coupled FITC (FITC-dextran, molecular mass 500 kDa). 
The large size of FITC-dextran prevents it from crossing the 
vessel wall (32), and it therefore remains in the lumen 
throughout the experiment. The FITC was excited (at 420- 
450 nm), and ID was determined from the resulting FITC- 
dextran epifluorescence signal (>520 nm) corresponding to 
the vessel lumen by image analysis. To calibrate the ID 
obtained by the FITC method, the edge of the epifluorescence 
signal was adjusted (by adjusting the detection threshold) so 
that the ID measured by both transillumination and epifluo- 
rescence at 175 mmHg (where both could be measured) were 
identical. 

Calculated ID from vessel ring wall thickness. In two 
carotid arteries and two ascending aortas, IDs were directly 
measured by transillumination or the FITC method, respec- 
tively, as described above. In addition, at the end of the 
experiment, wall thickness was directly measured using 
image analysis of a cross section (ring) of the studied vessel, 
which was simply cut and measured using the image analysis 
system. Subtracting twice the measured wall thickness of the 
ring from the measured OD at 0 mmHg provided another 
direct measurement of ID at 0 mmHg. The ID determined by 
this method was compared with directly measured ID using 
transillumination or the FITC method and was then used to 
calculate ID values throughout the pressure range studied. 
These calculated ID values were then compared with the 
measured ID values obtained by transillumination or the 
FITC method. 

Calculated ID from direct measurement of WCSA by trans- 
illumination in deeply constricted mesenteric arteries. In the 
small mesenteric arteries, pressure was maintained at a 
constant level (40 mmHg). and IDs were directly measured by 
transillumination, as described above, before and after addi- 
tion of the vasoconstrictor NE (10~ 5 M) followed by the 
addition of the endothelium-dependent vasodilator ACh (10~ 5 
M). IDs directly measured during application of NE and ACh 
were then compared with IDs that were calculated using the 
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Fig. 1. Relation between measured inner diameter (ID) and calculated ID in adult mouse pulmonary and carotid 
arteries. Figure is based on results from a single left pulmonary artery before {A) and after (B) treatment with KCN 
and on a single carotid artery before (O and after (D) treatment with KCN. Results are representative of the results 
obtained in 2 separate pulmonary arteries and 4 separate carotid arteries. Solid lines, increasing pressure phase; 
dotted lines, decreasing pressure phase, Calc. ID (WCSAy mmHg, where y represents the pressure value), 
calculated ID from vessel wall cross-sectional area at /mmHg. 



WCSA value obtained from direct ID and OD measurement at 
40 mmHg (before addition of vasoactive agents). 

Chemicals. All the chemicals were obtained from Sigma 
Chemical (St. Louis, MO), except NaCl, which was obtained 
from Fisher Scientific (St. Louis, MO). 

Analysis of previously published data. OD and ID values of 
vessels were derived directly from the processed data pre- 
sented in the articles cited using the corresponding transfor- 
mation formulas given by the authors. The calculated and 
measured ID values were then analyzed and compared using 
the same methods as those used for the other experiments 
reported here. 

Because of the inherently large error in the measured and 
calculated ID values at 0 mmHg (and 2 mmHg in the 
pulmonary artery), these values were excluded from the er- 
ror ranges and mean errors reported in this paper (see 
discussion). 

Analysis of relation between OD and ID. For each vessel, 
the ID was calculated at each pressure step (Pa) based on the 
measured OD at the same pressure and on the WCSA at a 



reference pressure (P>) f with the assumptions that WCSA 
was constant and that the vessel was a perfect cylinder. The 
formulas used were as follows 

WCSA = ttOD 2 /4 - itID 2 /4 = <tt/4(OD 2 - ID 2 ) (1) 

WCSAp, = WCSA Py {2) 

ODL-ID Pjf =OD Py -ID Py W 

ID P , = N /(ODL ~ OD P/ + ID 2 ; (4) 

These formulas permit ID at any pressure (IDp*) to be 
calculated from the measured OD at that pressure (OD P J 
assuming a constant WCSA, which has been calculated from 
a direct measurement of both ID (\D Py ) and OD (OD Pr ) at 
some reference pressure (P>). To verify the general applicabil- 
ity of this approach, we determined reference WCSA (WCSA P/ ) 
at five reference pressures (Py): 0, 25, and 175 mmHg as the 
pressure was raised, and 25 and 0 mmHg as the pressure was 
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lowered in the systemic vessels; and 2, 10, and 50 mmHg as 
the pressure was raised, and 2 and 10 rnmHg as the pressure 
was lowered in the pulmonary vessels. For the small mesen- 
teric arteries, the reference WCSA was calculated at 40 
mmHg. 

In the analysis of the data from the literature, WCSApy was 
calculated at 0, 25, and 125 mmHg for the data published by 
Osol and Cipolla (25) and 0, 5, 25, 190 mmHg for the data 
published by Storkholm et al. (30). 

The calculated ID (ID C ) and measured ID (ID m ) were 
compared at each pressure step, and percent error (E) was 
calculated as 

E = 100(ID C - IDJ/ID m (5) 

RESULTS 

Adult mouse left pulmonary artery. The measured 
versus calculated ID values obtained from one adult 
pulmonary artery are shown before (Fig. 1 A) and after 
treatment with KCN (Fig. \B). The ID data obtained 
during pressure increases (solid lines) and decreases 
(dotted lines) from 2 to 50 mmHg are shown. As can be 
seen in Fig. 1 , the measured ID and calculated ID using 
WCSA references at 2, 10, and 50 mmHg are nearly 
identical. Including the values from the two separate 
vessels studied, at all five of the reference WCSAs 
tested (both before and after treatment with KCN), the 
mean error (168 calculated ID values) was -0.63% with 
an error value range of -3.7% to +2.4%. Of these 
calculated values, 90% (151 of 168) were within an 
error range of -2.1% to +2.1%. 

Adult mouse left carotid artery In Fig. 1, Cand D t the 
measured versus calculated ID values obtained from 
the adult carotid artery are shown before and after 
KCN treatment, respectively. For these experiments, 
ID was studied during pressure increases (solid lines) 
and decreases (dotted lines) from 0 to 175 mmHg. 
Again, the measured ID and calculated ID values are 
nearly identical at each WCSA reference shown in Fig. 
1 (0, 25, and 1 75 mmHg). Including the values from the 
four separate vessels, at all five of the reference WCSAs 
studied (both before and after KCN), the mean error 
(496 calculated ID values) was -0.89% with an error 
value range of -4.9% to +4.9%. Of these calculated 
values, 90% (446 of 496) were within an error range of 
-3.2% to +3.2%. 

Newborn mouse left pulmonary artery The difference 
between measured ID and calculated ID was again 
quite low in the newborn pulmonary artery (Fig. 2). 
This was true at all pressures tested (2-50 mmHg), 
whether pressure was increasing (solid lines) or decreas- 
ing (dotted lines), using any of the five reference 
WCSAs before and after treatment with KCN. Includ- 
ing values from the two separate vessels studied, the 
mean error (168 calculated ID values) was +0.1% with 
a error value range of -4.8% to +2.9%. Moreover, 
>90% (151 of 168) of these calculated values were 
within an error range of - 1 .6% to + 1 .6%. 

Adult mouse ascending aorta. As shown in Fig. 3, 
some differences in size and response to pressure 
changes were observed between vessels from elastin- 
deficient (ELN +/-) and wild-type animals, but the 
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Fig. 2. Relation between measured ID and calculated ID in newborn 
mouse pulmonary artery. Results shown are from a single left 
pulmonary artery before (A) and after (£t) treatment with KCN and 
are a representative example of the results obtained in 2 separate 
vessels. Solid lines, increasing pressure phase; dotted lines, decreas- 
ing pressure phase. 

difference between measured ID and calculated ID was 
again quite low in the ascending aorta from both 
animals. For all five reference WCSAs studied in the 
four separate vessels tested (two wild-type and two 
ELN +/-), both before and after KCN (496 calculated 
ID values), the mean error was +0.32% with a range of 
-4.2% to +4.6%. Moreover, >90% (446 of 496) of these 
calculated values were within an error range of -2.7% 
to +2.7%. 

Action of vasoactive agents on vessels. The effects of 
active contraction and relaxation of the vessel wall on 
differences between measured and calculated ID were 
studied utilizing the vasoconstricting agonist PE (10~ 5 
M) followed by the addition of the endothelium- 
dependent vasorelaxing agent ACh (PE + ACh. 10 -5 
M). In Fig. 4, where the response of a single representa- 
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Fig. 3. Relation between measured ID and calculated ID in the adult mouse ascending aorta. Figure is based on 
results from a single wild-type ascending aorta before {A) and after {B) treatment with KCN and on a single 
heterozygous elastin-mutated ascending aorta before (Q and after {D) treatment with KCN. Results are 
representative examples of the results obtained in 2 separate wild-type and 2 separate elastin-mutated ascending 
aortas. Solid lines, increasing pressure phase; dotted lines, decreasing pressure phase. 



tive vessel for each vessel type is presented, the mea- 
sured ID values for each treatment are shown together 
with the calculated ID values, utilizing the WCSA 
reference at each of the pressures indicated. Again, 
there is little difference between the measured ID and 
the calculated ID during these treatments using WCSA 
at any of the reference pressures. Pooling the data from 
all 12 vessels used (2 newborn pulmonary arteries. 2 
adult pulmonary arteries, 4 carotid arteries, 2 wild- 
type ascending aortas, and 2 ELN+/- ascending aor- 
tas) before and after treatment with PE or PE + ACh, 
the mean error (180 calculated ID values) was -0.12% 
with a range of -4.4% to +4.9%. Moreover, >90% (162 
of 180) of these calculated values were within an error 
range of -3.4% to +3.4%. 

There was no evidence of light-dye injury of smooth 
muscle cells or endothelial cells in microvessels, despite 



the use of a higher concentration of FITC-dextran than 
previously reported (6, 32). The large elastic arteries 
studied here by the FITC method still responded well to 
the vasoconstricting and the endothelium-dependent 
vasodilator agonists (Fig. 4). Comparison of ascending 
aorta ODs with FITC filling (n = 5) to ascending aorta 
ODs previously studied in the same conditions without 
FITC filling (n = 15) showed no significant differences 
(by 2-way ANOVA) in PE-induced vasoconstriction or 
ACh-induced dilation before and after FITC. PE- 
induced vasoconstriction resulted in 17 ± 4% and 21 ± 
2% decreases in OD with and without FITC, respec- 
tively; ACh relaxed the PE-constricted vessels by 75 ± 
16% and 85 ± 9% with and without FITC, respectively. 

In the small mesenteric arteries, IDs were directly 
measured by transillumination at a constant transmu- 
ral pressure of 40 mmHg before and after addition of 
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Fig. 4. Effect of vasoactive agents on the relation between measured ID and calculated ID. Figure is based on 
results from a single vessel of each type. Similar results were obtained from 2 separate newborn pulmonary 
arteries, 2 separate adult pulmonary arteries, 4 separate adult carotid arteries, and from 2 separate wild-type (WT) 
and 2 separate elastin-mutated adult ascending (HET) aortas. Control transmural pressure was 75 mmHg in 
systemic vessels and 20 mmHg in pulmonary vessels. Phenylephrine (PE) and acetylcholine (ACh) concentrations 
were 10~ 5 M. 



Control 
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the vasoconstrictor NE (10~ 5 M) and ACh (NE + ACh, 
10" 5 M). ID values calculated from the WCSA derived 
from the measured ID and OD before any treatment (at 
40 mmHg) were then compared with the directly mea- 
sured values (Fig. 5). Again, very little difference was 
found between directly measured IDs and calculated 
IDs. With the data from all three vessel segments used 
pooled together, before and after treatment with NE 
and NE + ACh, the mean error (6 calculated ID values) 
was - 1 .3% with a range of -3.5% to + 1 .0%. 

Calculated ID from vessel ring wall thickness. In 
some vessels or some experimental conditions it may 
not be possible to accurately measure ID and calculate 
a reference WCSA. Thus we investigated whether ID 
determined from wall thickness of a cut ring segment at 
the end of an experiment (see materials and methods), 
together with measured OD at 0 mmHg (in the cannu- 
lated vessel), could be used to accurately calculate a 



reference WCSA that could then be used post hoc to 
calculate ID from OD. In the carotid arteries studied 
the IDs determined from measurement of the ring wall 
thickness were 329 and 264 pm, respectively, consis- 
tent with the measured IDs (by transillumination) of 
325 and 258 pm. Similarly, the IDs in the ascending 
aorta ring cross sections of 781 pm for the wild- type 
animal and 732 pm for the mutant animal were similar 
to the directly measured IDs of 751 and 754 pm, 
respectively, using the FITC method. In all cases, the 
differences are in the range of one pixel, supporting the 
accuracy of ID measurements by all three methods 
(transillumination, FITC, and cross-section analysis). 
As shown in Fig. 6, there was little difference in the ID 
values calculated from the ring cross sections and in 
the respective ID values obtained by direct measure- 
ment in the carotid artery by transillumination (Fig. 6, 
A and C), or in the ascending aorta by the FITC method 



Fig. 5. Relation between measured ID 
and calculated ID from norepinephrine 
(NE) -constricted and ACh-relaxed small 
mesenteric artery segments. Figure is 
based on results from a single segment 
of the adult mesenteric artery, with 
similar results obtained in 3 separate 
artery segments. Solid bars, measured 
ID from direct measurement by transil- 
lumination. Open bars, calculated IDs 
from vessel wall cross-sectional area. 
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Fig. 6. Relation between measured ID and calculated ID from a measurement of wall thickness in a cross section of 
vessel. Figure is based on results from a single adult mouse carotid artery before {A) and after (Q KCN treatment 
and on a single adult mouse ascending aorta before {B) and after {D) KCN treatment. Results are representative of 
those obtained in 2 separate adult ascending aortas (wild-type and elastin mutated) and 2 separate adult carotid 
arteries. Solid lines, increasing pressure phase; dotted lines, decreasing pressure phase. 



(Fig. 6, Band D), both before and after KCN treatment 
The measurements in the two carotid arteries (52 
independent ID measurements) had a mean error of 
-0.4% with an error range of -3.9% to +4.6%. Of these 
calculated error values, 90% (47 of 52) were within a 
range of -3.7% to +3.7%. For the two ascending aortas 
(52 independent ID measurements) the mean error was 
+0.2% with a range of -5.0% to +5.7%, with 90% (47 of 
52) of these calculated values within an error range of 
-4.6% to +4.6%. 

DISCUSSION 

Vascular resistance and associated physiological pa- 
rameters are directly related to the diameter of the 
vessel lumen, but ID is often difficult to measure 
directly in intact blood vessels. As a result, many 
investigators have calculated ID from OD in pressur- 
ized blood vessels based on the assumption that the 
vessel wall volume or WCSA is constant (7, 10, 16, 21, 
23, 31, 36). However, these assumptions have never 
been rigorously tested in physiological conditions. Our 
hypothesis was that a constant wall volume would 
result in a nearly constant WCSA under conditions in 
which longitudinal extension of cannulated arteries is 
restricted by the experimental device. This is similar to 
the situation in vivo where longitudinal extension of 
vessels is limited by the tethering of surrounding 
tissue. In the studies presented here, the constant 



relationship between OD and ID under these condi- 
tions, on the basis of the assumption of constant WCSA, 
was demonstrated in a wide range of physiological 
situations in transilluminated, pressurized, cannu- 
lated vessels from a variety of sources. 

In all the vessels investigated, including arteries 
from elastin-deficient mice, under conditions where 
pressure was increasing or decreasing, during active 
contraction and relaxation, or following treatment with 
KCN, the difference between calculated ID and mea- 
sured ID was always quite low, with mean errors 
generally <1%. This indicates that WCSA is relatively 
constant, in agreement with a prior study of WCSA 
during changes in flow and during NE-induced contrac- 
tion in rat mesenteric arteries (15). Our data demon- 
strate that this can be applied to both large conduc- 
tance (Figs. 1-4) and small resistance arteries (Fig. 5). 
With the use of this technique, ID and vascular resis- 
tance can be closely approximated in tightly constricted 
or thick -walled arteries in which the lumen size (ID) 
cannot be determined from visual inspection. 

We did note some differences in the accuracy of 
calculated ID that depended on the pressure level at 
which the reference WCSA was measured. In particu- 
lar, larger differences between calculated and mea- 
sured ID were consistently found for IDs at 0 mmHg. 
Similarly, when WCSA at 0 mmHg was used as the 
reference to calculate ID, the differences between calcu- 
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lated and measured ID were larger than those obtained 
when a reference WCSA at a higher pressure was used. 
This slight discontinuity in the relation between calcu- 
lated ID and measured ID between the unpressurized 
(i.e., 0 mmHg) and pressurized vessels is not surpris- 
ing. Previous observations have demonstrated that the 
elastic structures of the vascular wall, including the 
intima, decrease in size, infold, and bulge in the 
collapsed vessel as intravascular pressure decreases to 
0 mmHg (13, 35). Nevertheless, the differences between 
measured and calculated ID remained quite small, 
even when the reference WSCA at 0 mmHg was derived 
from the wall thickness at the end of the experiment 
(Fig. 6). 

In addition to our experiments, we analyzed data 
from the literature where our hypothesis could also be 
tested (Table 1). Analyses of the diameter measure- 
ments made by Osol and Cipolla (25) in small rat 
uteroplacental arteries and the analysis of the data 
from porcine aorta made by Storkholm et al. (30) are 
presented in Table 1 . The data shown in Table 1 include 
both the measured ID values (derived from the re- 
ported data) and the calculated ID values (derived from 
measured OD and WCSA at the pressures indicated) 
and the error range and mean error for the calculated 
values. When initially evaluating these data, it was 



again clear that the calculated ID values at 0 mmHg 
again had consistently higher errors than the calcu- 
lated ID values at other pressures, presumably due to 
the same instability in the circular shape of the vessel 
at 0 mmHg as discussed above. As done elsewhere in 
the paper, the error values at 0-2 mmHg were thus 
excluded from the error ranges and means shown. 
Excluding these measurements (at 0 mmHg), only a 
few outlier error measurements >5% are evident in the 
raw error measurements, and mean errors varied 
between -4.1% and +3.4%, with the exception of one 
value of 7.2% in which the reference WCSA at 0 mmHg 
was used. The results from the literature thus lend 
further support to the validity of this method for 
calculating ID from OD measurements. 

Until now, measurement of ID in cannulated arteries 
by transillumination has been the preferred method, 
but this technique is applicable to only thin-walled 
vessels and may even be difficult in these vessels 
during active contraction (18, 26). In large thick-walled 
arteries, direct ID measurements are often not possible 
because of the inability to obtain an adequately con- 
trasted image with transillumination. Our results sug- 
gest that the FITC method can be used to measure ID 
in such vessels, but the fluorescence may lead to 
light-dye damage (6, 32), and this method still requires 



Table 1 . Analysis of data from the literature 
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Relation between measured inner diameter (ID) and calculated ID In the rat uteroplacental artery and in the abdominal porcine aorta. Rat 
uteroplacental artery In nonpregnant animals and late-pregnant animals from original measurements by Osol and Cipolla (25). Abdominal 
porcine aorta from original measurements by Storkholm et al. (30). WCSA; wall cross-sectional area; % Error = (calculated ID/measured 
ID - 1) x 100. * Excludes values at 0 mmHg. 
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calibration with at least one accurate ID measurement. 
Alternatively, our data indicate that ID can be accu- 
rately estimated from OD values retrospectively, utiliz- 
ing the wall thickness determined on a cut section of 
the vessel at the end of the experiment. The simple 
approach presented here for determining ID and re- 
lated physiological parameters (e.g., vascular resis- 
tance) from the measured OD should prove particularly 
useful for both in vivo and in vitro studies of vascular 
reactivity and mechanics. 
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